Objective-Measures of HDL (high-density lipoprotein) function are associated with cardiovascular disease. However, the effects of regular exercise on these measures is largely unknown. Thus, we examined the effects of different doses of exercise on 3 measures of HDL function in 2 randomized clinical exercise trials. Approach and Results-Radiolabeled and boron dipyrromethene difluoride-labeled cholesterol efflux capacity and HDLapoA-I (apolipoprotein A-I) exchange were assessed before and after 6 months of exercise training in 2 cohorts: STRRIDE-PD (Studies of Targeted Risk Reduction Interventions through Defined Exercise, in individuals with Pre-Diabetes; n=106) and E-MECHANIC (Examination of Mechanisms of exercise-induced weight compensation; n=90). STRRIDE-PD participants completed 1 of 4 exercise interventions differing in amount and intensity. E-MECHANIC participants were randomized into 1 of 2 exercise groups (8 or 20 kcal/kg per week) or a control group. HDL-C significantly increased in the high-amount/vigorous-intensity group (3±5 mg/dL; P=0.02) of STRRIDE-PD, whereas no changes in HDL-C were observed in E-MECHANIC. In STRRIDE-PD, global radiolabeled efflux capacity significantly increased 6.2% (SEM, 0.06) in the high-amount/vigorous-intensity group compared with all other STRRIDE-PD groups (range, −2.4 to −8.4%; SEM, 0.06). In E-MECHANIC, non-ABCA1 (ATP-binding cassette transporter A1) radiolabeled efflux significantly increased 5.7% (95% CI, 1.2-10.2%) in the 20 kcal/kg per week group compared with the control group, with no change in the 8 kcal/ kg per week group (2.6%; 95% CI, −1.4 to 6.7%). This association was attenuated when adjusting for change in HDL-C. Exercise training did not affect BODIPY-labeled cholesterol efflux capacity or HDL-apoA-I exchange in either study. 18, 19 in adults with CVD, diabetes mellitus, and metabolic syndrome. However, these studies only included one exercise dose and thus the dose-response relationship of exercise and HDL function is currently unknown. Furthermore, few studies have examined the effects of regular exercise on HDLmediated cholesterol efflux, with mixed results. [19] [20] [21] [22] [23] These studies were limited by small sample sizes and differing intervention durations, study populations, efflux assays, and cell lines. To date, only 2 studies in patients with CVD 20, 21 have examined the effects of regular exercise on cholesterol efflux capacity measured using the validated assays from recent longitudinal studies, 2, 5 namely the efflux of 3 H-labeled cholesterol from J774 macrophages to apoB (apolipoprotein B)-depleted plasma or serum. To our knowledge, no study has examined the effects of exercise training on efflux capacity using the fluorescence-labeled (boron dipyrromethene difluoride [BODIPY]) cholesterol 4 or HAE assays, 7 nor has any study examined these associations in healthy adults. Therefore, the purpose of the present study was to examine the effects of different intensities and doses of exercise on cholesterol efflux capacity and HAE in 2 randomized clinical exercise trials of healthy and prediabetic adults.
H DL (high-density lipoproteins) consist of a wide spectrum of heterogeneous particles that differ in size, density, composition, and biological function. HDL particles have multiple atheroprotective activities, with reverse cholesterol transport thought to be one of the most important. 1 A critical first step in reverse cholesterol transport is the efflux of cholesterol from macrophage foam cells in the artery to HDL. This critical first step has been interrogated in multiple observational human studies with an ex vivo macrophage-specific cholesterol efflux assay. Cholesterol efflux capacity has been inversely associated with both prevalent and incident cardiovascular disease (CVD), independent of traditional risk factors including HDL-C (HDL cholesterol) levels. [2] [3] [4] [5] Furthermore, the rate of HDL-apoA-I (apolipoprotein A-I) exchange (HAE), an indirect measure of cholesterol efflux capacity that measures the ability of apoA-I to exchange on and off HDL, [6] [7] [8] has been shown to be reduced in patients with metabolic syndrome or acute coronary syndrome (ACS). 7, 9 These results along with the inability of recent randomized, controlled drug trials, and Mendelian randomization studies to demonstrate a causal relationship between HDL-C and CVD has led to a focus on identifying therapies that improve HDL function (ie, quality) rather than HDL-C quantity. 10 Although regular exercise increases HDL-C levels 11, 12 and alters HDL particle subclass concentrations 13, 14 in a dose-response manner, its effects on HDL functionality are less well known. Several exercise training studies have demonstrated the beneficial effects of regular exercise on various HDL functions, including endothelial, 15 antioxidative, 16, 17 and anti-inflammatory properties 18, 19 in adults with CVD, diabetes mellitus, and metabolic syndrome. However, these studies only included one exercise dose and thus the dose-response relationship of exercise and HDL function is currently unknown. Furthermore, few studies have examined the effects of regular exercise on HDLmediated cholesterol efflux, with mixed results. [19] [20] [21] [22] [23] These studies were limited by small sample sizes and differing intervention durations, study populations, efflux assays, and cell lines. To date, only 2 studies in patients with CVD 20, 21 have examined the effects of regular exercise on cholesterol efflux capacity measured using the validated assays from recent longitudinal studies, 2, 5 namely the efflux of 3 H-labeled cholesterol from J774 macrophages to apoB (apolipoprotein B)-depleted plasma or serum. To our knowledge, no study has examined the effects of exercise training on efflux capacity using the fluorescence-labeled (boron dipyrromethene difluoride [BODIPY]) cholesterol 4 or HAE assays, 7 nor has any study examined these associations in healthy adults. Therefore, the purpose of the present study was to examine the effects of different intensities and doses of exercise on cholesterol efflux capacity and HAE in 2 randomized clinical exercise trials of healthy and prediabetic adults.
Materials and Methods
The effects of standardized, regular endurance exercise on cholesterol efflux capacity were examined across 2 exercise training studies (STRRIDE-PD [Studies of Targeted Risk Reduction Interventions through Defined Exercise, in individuals with Pre-Diabetes] and E-MECHANIC [Examination of Mechanisms of exercise-induced weight compensation]) with 5 distinct exercise interventions, including a lifestyle intervention, which are described below.
STRRIDE-PD Study
The STRRIDE-PD study compared 3 six-month exercise-only groups differing in amount or intensity to a lifestyle intervention group (diet plus exercise group similar to the first 6 months of the Diabetes Prevention 24 Overall, 175 participants completed the intervention. The present study included 106 participants that completed the exercise training program and had data for all 3 measures of HDL function. There were no differences in baseline characteristics between subjects with and without HDL function data (data not shown).
E-MECHANIC Study
The E-MECHANIC study was a 3-arm, 6-month randomized (1:1:1) controlled trial. Sedentary, overweight/obese (body mass index, 25-45 kg/m 2 ), nondiabetic (fasting plasma glucose, 76-106 mg/dL), nonsmoking adults with no history of diabetes mellitus or CVD aged 18 to 65 years (n=198) were randomly assigned to a control group or 1 of 2 exercise groups that reflect the current recommendations for (1) general health (8 KKW, or ≈800-1000 kcal/wk) or (2) weight loss (20 KKW, or ≈2000-2500 kcal/wk). In the 2 exercise groups, the exercise intensity for each participant was set at a target heart rate associated with 65% to 85% of peak oxygen uptake (V  .  O   2peak ). 25 The present study included 90 participants that completed the study and had data for all 3 measures of HDL function.
Blood Draws and Lipids
In STRRIDE-PD, blood samples were taken after a 10-hour fast at baseline and between 16 to 24 hours after the last exercise training session. In E-MECHANIC, blood was collected after a 12-hour fast at baseline and during the last week of exercise (24-72 hours after last exercise session). In both studies, measurement of total cholesterol, HDL-C, and triglycerides was performed on a Beckman Coulter DXC 600 Pro system (Brea, CA) using standardized methods. In STRRIDE-PD, comprehensive lipoprotein subfraction analysis was also performed before and after exercise training via nuclear magnetic resonance (NMR) spectroscopy using the LipoProfile-3 algorithm (LipoScience, Inc, now LabCorp, Morrisville, NC) as previously described. 26 GlycA concentration was also assessed via NMR spectroscopy as described previously.
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Assessment of HDL Function
All assays were performed on stored (−80°C) baseline and posttraining plasma (STRRIDE-PD) or serum (E-MECHANIC) samples. Change in each individual HDL function was calculated as the absolute difference between the post-training and baseline values.
General Cholesterol Efflux Capacity Assay Procedures
The following procedures were common to both the radiolabeled ( 3 H) and fluorescence-labeled cholesterol efflux capacity assays. Global and ABCA1 (ATP-binding cassette transporter A1)-mediated cholesterol efflux were measured using J774 mouse macrophage cells in the presence and absence of cAMP. Cells were incubated with 3 H-or fluorescence-labeled cholesterol and 2 μg/mL acylcoenzyme A:cholesterol acyltransferase inhibitor inhibitor (Sandoz, Sigma-Aldrich). Cells were then incubated overnight in 0.2% BSA with or without 8-(4-chlorophenylthio)-cAMP. After washing, the cholesterol-labeled cells were incubated with 2.8% apoB-depleted plasma/serum for 4 hours. The amount of 3 H-or fluorescence-labeled cholesterol released was measured through liquid scintillation counting or spectrophotometry, respectively. Cholesterol efflux capacity is calculated as the amount of effluxed cholesterol expressed as a fraction (%) of the initial cell content of cholesterol. Results were normalized to the measured efflux by a pooled reference apoB-depleted 
H-Cholesterol Efflux Capacity Assay
Measurement of the efflux of radiolabeled cholesterol from J774 macrophages to apoB depleted plasma/serum was performed with the use of a previously described method. 2 This assay quantifies total efflux mediated by known pathways of cholesterol efflux from macrophages, including ABCA1 and G1 (ABCG1), scavenger receptor B1, and aqueous diffusion. 28 Because of timing issues, the radiolabeled cholesterol efflux capacity assay was performed in different laboratories, with Dr Anand Rohatgi's laboratory at the University of Texas Southwestern Medical Center analyzing plasma samples from STRRIDE-PD and Vascular Strategies (Plymouth Meeting, PA) analyzing serum samples from E-MECHANIC. As such, the methods slightly differed between the 2 laboratories. The assays in STRRIDE-PD were performed with stimulation by cAMP, which upregulates ABCA1 and thus represents global efflux. The assays in E-MECHANIC were performed with and without stimulation by cAMP, thus providing values for global efflux, as well as non-ABCA1 dependent efflux.
29 ABCA1-dependent efflux was calculated as the difference between global (+cAMP) and non-ABCA1 (−cAMP) efflux.
BODIPY-Cholesterol Efflux Capacity Assay
The efflux of BODIPY-labeled cholesterol from J774 macrophages to apoB depleted plasma (STRRIDE-PD) or serum (E-MECHANIC) was measured using a high throughput cell-based assay performed in 96-well plates as described previously. 4 The Rohatgi laboratory performed the BODIPY-efflux assays for both cohorts (STRRIDE-PD and E-MECHANIC). The BODIPY-efflux assays were performed with stimulation by cAMP, thus providing values for global cholesterol efflux only.
HDL-apoA-I Exchange Assay
HAE measures the ability of spin-labeled apoA-I to exchange on and off of HDL, thus representing HDL remodeling dynamics as well as potential cholesterol efflux capacity. The HAE assay was performed in Dr Michael Oda's laboratory at Children's Hospital Oakland Research Institute, as described previously. 6, 7 Briefly, apoBdepleted plasma or serum was prepared through polyethylene glycol precipitation and mixed with 3 mg/mL spin-labeled apoA-I 30 in a 3:1 ratio. After incubation for 15 minutes at 37°C, electron paramagnetic resonance measurements were performed with Bruker eScan (STRRIDE-PD) or EMX Nano (E-MECHANIC) spectrometers. HAE activity represents the sample:internal standard signal ratio at 37°C. All samples were read in duplicate and averaged.
Assessment of Cardiometabolic Traits
The E-MECHANIC study included measures of body composition via dual-energy X-ray absorptiometry, fasting blood glucose, resting metabolic rate, and energy intake and expenditure through food intake tests and doubly labeled water. 25 The STRRIDE-PD study measured body composition using air plethysmography (BodPod) and insulin and glucose traits through a 2-hour oral glucose tolerance test using standard protocols.
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Statistical Analysis
Paired t tests were used to examine the effects of exercise training on each of the measured HDL functions in all exercise groups combined, as well as within each exercise group. In E-MECHANIC, 2 sample t tests were used to compare changes in HDL function between 6-month follow-up and baseline between each exercise group and the control group. Normality and equal variance tests were performed on baseline and post-training measures of HDL function and revealed all but baseline HAE were normally distributed. Results were unchanged using nonparametric tests for HAE, thus all results for change in HAE with exercise are for parametric tests.
General linear models adjusted for age, sex, race, baseline body mass index, and baseline value (of dependent variable) were used to examine the effects of training on measures of cholesterol efflux capacity across exercise intervention groups. Pearson correlations were used to examine the relationships between all 3 measures of HDL function. Multivariable stepwise regression models were used to examine baseline predictors of exercise-induced changes in each measure of HDL function. Baseline predictors in STRRIDE-PD included baseline trait value, body composition, NMR-measured HDL subfraction concentrations, standard lipid panel, cardiorespiratory fitness, and measures of insulin and glucose homeostasis. Baseline predictors in E-MECHANIC included baseline value, body mass index, standard lipid panel, blood pressure, glucose, and energy intake and expenditure. All analyses were performed separately within each study cohort using SAS 9.4 (Cary, NC), with statistical significance set at a 2-tailed P<0.05.
Results
The basic characteristics of the participants from STRRIDE-PD and E-MECHANIC at baseline and in response to the interventions can be found in Tables 1 and 2 , respectively. At baseline there were no differences between groups within each study for any of the variables presented. The use of cholesterol lowering medications was low and did not show much change during the intervention across both studies, as 21% and 17% of STRRIDE-PD subjects ( Table 1 ) and 12% of E-MECHANIC subjects (Table 2) were taking cholesterol lowering medications at baseline and 6 months, respectively. Aside from 1 subject at baseline in STRRIDE-PD, at both time points in both studies all subjects listed as taking cholesterol lowering medications were taking a form of statin. Across both studies, women had higher baseline levels of HAE and HDL-C compared with men, whereas in E-MECHANIC women had higher baseline levels of radiolabeled non-ABCA1 efflux and lower triglycerides compared with men (data not shown).
Exercise Training and HDL-C
In STRRIDE-PD, exercise training resulted in a significant increase in HDL-C in the high-amount/vigorous group only (Table 1) , whereas no significant changes in HDL-C were observed within exercise groups or between the exercise groups and the control group after exercise training in E-MECHANIC (Table 2 ).
Exercise Training and 3 H-Labeled Cholesterol Efflux
STRRIDE-PD
There was a significant effect of intervention group (P=0.04) on change in global radiolabeled efflux capacity, with the high-amount/vigorous-intensity group showing significantly larger exercise-induced increases in global radiolabeled efflux compared with the other 3 groups (Figure 1) . Specifically, the high-amount/vigorous-intensity group increased radiolabeled efflux by an average of 6.2% (SEM, 6.1) in adjusted models, whereas the adjusted mean change was −8.4% (SEM, 6.6) in the low amount/moderate intensity group, −4.2% (SEM, 6.5) in the high-amount/moderate intensity group, and −2.4% (SEM, 6.0) in the clinical lifestyle group, respectively. The overall group difference was attenuated when also adjusting for change in HDL-C (P=0.09), but the differences between the highamount/vigorous-intensity group and the other groups remained (P<0.05).
E-MECHANIC
No significant changes in radiolabeled efflux capacity were observed after 6 months of exercise training compared with baseline in the individual exercise groups. However, there was a significant effect of group (P=0.046) on percent change in non-ABCA1 dependent efflux, as the 20 KKW group showed a 5.7% (95% CI, 1.2-10.2%) greater increase in non-ABCA1 efflux compared with the control group ( Figure 2 ). This association was attenuated when also adjusting for change in HDL-C (P=0.07). No significant differences compared with the control group were found in either exercise group for radiolabeled global or ABCA1 efflux capacity.
Exercise Training and BODIPY-Labeled Cholesterol Efflux
STRRIDE-PD
In STRRIDE-PD, there was no effect of exercise training on BODIPY-efflux capacity in any of the 4 groups, nor were there any group differences in BODIPY-efflux responses to training ( Figure 1 ).
E-MECHANIC
No significant changes in BODIPY-labeled efflux capacity were observed after 6 months of exercise training in E-MECHANIC, with both exercise groups experiencing an average decrease (Figure 2) . Similarly, there were no differences between the individual exercise groups and the control group for changes in BODIPY-efflux capacity in either unadjusted or adjusted models.
Exercise Training and HDL-apoA-I-Exchange
STRRIDE-PD and E-MECHANIC
No significant changes in HAE were observed after 6 months of exercise training in STRRIDE-PD or E-MECHANIC ( Figure I in the online-only Data Supplement). In general, all exercise groups experienced a (nonsignificant) mean increase in HAE, except the low amount/moderate intensity group of STRRIDE-PD. 
Baseline Predictors of Exercise-Induced Changes in HDL Function
STRRIDE-PD
In multivariable regression models in the combined exercise groups of STRRIDE-PD, baseline value was the strongest predictor of exercise-induced changes in all 3 measures of HDL function ( Other significant baseline predictors in the models included concentration of medium HDL particles (HDL-P) and total cholesterol for change in radiolabeled efflux; total cholesterol, GlycA (NMR marker of inflammation), and insulin area under the curve for change in BODIPY efflux; and total HDL-P, VO 2 max, and exercise group for change in HAE (Table I in the online-only Data Supplement).
E-MECHANIC
In multivariable regression models in the combined exercise groups of E-MECHANIC, baseline levels of BODIPYlabeled cholesterol efflux and HAE explained 31.5% and 24.3% of the variance in the exercise-induced change of each respective measure (both P<0.0001; Table II in the online-only Data Supplement). However, baseline triglycerides level was the strongest and lone predictor of exerciseinduced change in radiolabeled efflux, explaining 12.3% (P=0.006), 10.5% (P=0.01), and 12.0% (P=0.006) of the variance in change in global, ABCA1, and non-ABCA1 efflux capacity, respectively (Table II in the online-only Data Supplement). Baseline cholesterol medication use explained 4.2% (P=0.02) of the variance in change in BODIPY-labeled efflux.
In the combined exercise groups, the correlation between baseline and change values was only significant for BODIPYlabeled efflux at r=−0.64 (P<0.0001), with the correlation 
Correlation of 3 Measures of HDL Function
There was no correlation between baseline radiolabeled and BODIPY-labeled cholesterol efflux capacity in either study, whereas baseline global radiolabeled efflux capacity was significantly correlated with HAE in both studies (E-MECHANIC: r=0.50, P<0.0001; STRRIDE-PD: r=0.25, P=0.01). In E-MECHANIC the correlation between baseline HAE and ABCA1 and non-ABCA1 radiolabeled efflux was 0.48 (P<0.0001) and 0.36 (P=0.0005), respectively. In STRRIDE-PD, exercise training-induced change in global radiolabeled efflux capacity was positively correlated with change in HAE (r=0.25, P=0.009). In E-MECHANIC, there were no correlations between exercise-induced changes in any of the measures of HDL function.
There was large interindividual variation in the responsiveness of all 3 measures of HDL function to exercise training, as shown in Figure II in the online-only Data Supplement. Heat maps displaying the direction of exercise response (positive or negative) across the 3 HDL function traits, as well as HDL-C, are shown for each participant of STRRIDE-PD and E-MECHANIC in Figure III in the online-only Data Supplement. In both studies, there did not appear to be any clear patterns of exercise response across the 3 measures of HDL function, as 13% to 14% of participants were nonresponders across all 3 measures (ie, value did not change or decreased with training), 35% to 38% were nonresponders for 2 of 3 measures, 35% to 37% were responders (ie, value increased with training) for 2 of 3, and 12% to 14% were responders for all 3 measures ( Figure IV in the online-only Data Supplement).
Correlation of HDL Function With Cardiometabolic Traits
The correlation of HDL function traits with cardiometabolic traits, including NMR-measured lipoprotein subfractions, body composition, cardiorespiratory fitness, and insulin-and glucose-related traits, at baseline and in response to exercise training for both studies are shown by sex in Tables III through VI in the online-only Data Supplement.
STRRIDE-PD
Changes With Training
In men, changes in radiolabeled global efflux were positively correlated with change in body weight (r=0.41, P=0.01) and waist circumference (r=0.44, P=0.01), whereas change in BODIPY-labeled efflux was positively correlated with change in hip circumference (r=0.41, P=0.02). In women, change in radiolabeled global efflux was negatively correlated with change in the Matsuda Index of insulin sensitivity (r=−0.32, P=0.01) and positively with change in total HDL-P, HDL-P size, and HDL-C (range: r=0.25 to 035, P<0.05; Table IV in the online-only Data Supplement).
E-MECHANIC
Changes With Training (Exercise Groups Only)
Change in HAE was correlated with change in percent body fat (r=−0.41, P=0.04) and change in total daily energy expenditure (r=0.50, P=0.009) in men. Change in radiolabeled global, ABCA1, and non-ABCA1 (range: r=−0.57 to −0.63, P≤0.03) efflux were negatively correlated with change in proportion of calories from fat, whereas non-ABCA1 efflux was negatively correlated with change in total caloric intake (r=−0.57, P=0.03) in men. No significant correlations between change variables were found in women (Table VI in the online-only Data Supplement).
Discussion
The present study is the first to examine the effects of exercise training on radiolabeled efflux, BODIPY-labeled efflux, and HAE in the same individuals. The major finding was that across 2 randomized trials comprising 6 different exercise interventions, regular endurance exercise improved radiolabeled cholesterol efflux capacity only when a high amount of vigorous exercise was performed. Specifically, global radiolabeled cholesterol efflux capacity increased with exercise training in the high-amount, vigorous-intensity group of STRRIDE-PD, whereas non-ABCA1 radiolabeled cholesterol efflux capacity increased in the 20 KKW group of E-MECHANIC. Alternatively, regular endurance exercise nor regular endurance exercise plus weight loss (ie, clinical lifestyle group of STRRIDE-PD) resulted in significant improvements in ABCA1 radiolabeled efflux, BODIPY-labeled efflux, or HAE.
Our results are in general agreement with those from 2 recent investigations of the effects of exercise training on radiolabeled cholesterol efflux capacity from J774 macrophage cells in subjects with peripheral artery disease 20 and ACS. 21 A 6-month treadmill exercise program in 33 patients and 26 controls with peripheral artery disease found no effects of training on radiolabeled cholesterol efflux capacity. 20 However, it is possible that the peripheral artery disease patients did not reach a sufficient intensity of exercise to induce changes in efflux, as the program began with walking at 2.0 mph or lower. Conversely, Koba et al 15 found that 6 months of cardiac rehabilitation (intensity of 40% to 60% of heart rate reserve) significantly increased radiolabeled cholesterol efflux capacity in 57 patients with ACS compared with baseline levels, but not in comparison to 11 controls who did not undergo the rehabilitation program. Further subgroup analysis found that the significant increases in cholesterol efflux capacity were only observed in ACS patients (n=10) with high exercise tolerance and complete risk factor control. 21 Taken together with the present results, these findings suggest that an exercise intensity and dose threshold may need to be exceeded to improve radiolabeled cholesterol efflux capacity. The existing literature on the effects of exercise training on HDL-C and HDL-P subclass traits indicates that exercise volume, rather than intensity, has the greatest influence on the HDL profile. Specifically, it is well-established that a doseresponse relationship exists between exercise training volume and changes in HDL-C, with the literature suggesting an exercise threshold of 1200 to 2200 kcal/week to elicit favorable changes in HDL-C. 11 Furthermore, the STRRIDE I study found that increases in the mean size of HDL-P and concentration of large HDL-P were related to the amount of exercise and not the intensity of exercise. 13 The present study suggests that exercise intensity may be more important than volume in terms of improving cholesterol efflux capacity, however further dose-response studies are needed to verify these results across diverse exercise interventions and populations.
Both of the previously mentioned studies differ from the present study in terms of their inclusion of CVD patients and their high rate of statin usage. In the study of peripheral artery disease patients, 75% were on statins during the trial, although statin use was controlled for in the analyses. 20 In the cardiac rehabilitation study, 70% of the ACS patients started or strengthened their statin treatment over the course of the intervention and the authors found increases in cholesterol efflux capacity were limited to this subgroup. 21 In the present study statin use was low, with only 11 (5 controls, 6 exercise group) of 90 subjects (12%) in E-MECHANIC and 22 of 106 subjects in STRRIDE-PD (21%) on cholesterol lowering medications (mostly statins) at baseline. This small sample size of subjects taking cholesterol medications precluded us from performing stratified analyses. Overall, although statins cause modest increases in HDL-C and apoA-I, the impact of statin therapy on cholesterol efflux capacity is likely insignificant as studies have shown both small positive [31] [32] [33] [34] and null 2,35-38 associations of statins on efflux capacity.
Our findings of increases in global and non-ABCA1 radiolabeled cholesterol efflux capacity, but no changes in ABCA1 radiolabeled efflux, BODIPY-labeled efflux, and HAE agree with the known effects of exercise on HDL metabolism and remodeling. Namely, on average exercise increases HDL particle size, the concentration of large HDL particles, HDL-C, and apoA-I. 11, 14 These findings also reflect the inherent differences in the radiolabeled and BODIPY-labeled efflux assays. The efflux of cholesterol from macrophages is mediated by 4 known pathways: ABCA1, ATP-binding cassette transporter G1, scavenger receptor B1, and aqueous diffusion. In J774 macrophage cells stimulated with cAMP and labeled with 3 H-cholesterol, global cholesterol efflux represents all 4 pathways (ABCA1: 34%, scavenger receptor B1: 20%, aqueous diffusion: 46%, ATP-binding cassette transporter G1: negligible). 39 In contrast, J774 macrophage cells stimulated with cAMP and labeled with BODIPY-cholesterol primarily measures ABCA1-mediated cholesterol efflux. 40 ABCA1-mediated efflux is associated with lipid-poor apoA-I acceptor particles (pre-β-HDL), whereas ATP-binding cassette transporter G1 mediates cholesterol efflux to mature HDL particles. 41 HAE provides a measure of the ability of HDL to remodel and release lipid-poor apoA-I. 7, 8 A recent study found HAE was a significant contributor to global-and ABCA1-specific radiolabeled efflux, independent of HDL-C, explaining ≈25% of the variance in both measures. 6 Given that exercise is known to increase HDL size and the concentration of large HDL particles, it is more likely that the global and non-ABCA1 efflux pathways would be increased with exercise as compared with ABCA1-mediated efflux, as found in our study. It is also thought that pre-β-HDL rapidly remodels to α-HDL with exercise. 42 This may also explain why we only observed changes in radiolabeled efflux measures and not BODIPY efflux or HAE with exercise training. In STRRIDE-PD, the concentration of large HDL-P significantly increased and small HDL-P significantly decreased in response to exercise training, which was reflected by a significant increase in mean HDL-P size (data not shown). Given that the concentration of total HDL-P did not change with training, the exercise-induced changes in NMR-based HDL subfractions likely reflect a shift of pre-β1-HDL to larger HDL particles (as opposed to de novo large HDL-P synthesis) and thus may correspond to the absence of changes in ABCA1-mediated radiolabeled and BODIPY-labeled efflux and HAE observed in the present study.
Previous studies have used other cellular models to examine the effects of exercise on cholesterol efflux capacity with mostly null results. One study found that a 4-month aerobic exercise training program did not alter HDL 3 -mediated 14C-labeled cholesterol efflux from Swiss mouse peritoneal macrophages in 11 healthy and 11 diabetic subjects. 23 A 10-week walk/run interval program in 27 subjects with metabolic syndrome found no changes in the efflux of 3 H-labeled cholesterol from RAW264.7 macrophages to HDL 3 . 19 Last, a study of 15 obese women found that a 9-week lifestyle intervention significantly increased cholesterol efflux of 14 C-labeled cholesterol from macrophages (derived from THP1 monocytes) to whole serum in only the 13 women that exhibited significant weight loss. 22 Although the confluence of results from the existing literature, including the present study, suggest little to no effects of regular endurance exercise on cholesterol efflux capacity, differences in efflux assay, study populations, study duration, and exercise programs make it difficult to directly compare results across studies. As described by Ronsein and Vaisar, 39 existing assays of efflux capacity differ by cell type and cholesterol acceptor and can vary widely between different laboratories. The absence of standards and controls (eg, normalizing efflux values relative to a pooled control sample in each assay) may affect the accuracy and comparability of the assays. To date, only the radioand BODIPY-labeled efflux assays using J774 macrophages have been validated in clinical populations. [2] [3] [4] [5] Despite both efflux capacity assays showing agreement in their association with CVD outcomes, we found no correlation between the 2 measures in either training cohort. However, we did replicate the strong to moderate correlations between radiolabeled efflux and HAE as previously shown by Borja et al. 6 The present study represents the largest examination to date of the effects of exercise interventions on validated measures of HDL function and is further aided by the inclusion of different doses of exercise and high adherence rates in both cohorts. However, our study also has several limitations. Radiolabeled cholesterol efflux capacity was measured in 2 different laboratories with slightly different methods (±cAMP stimulation). Furthermore, both studies were lacking measures of apoA-I, whereas the E-MECHANIC study lacked NMR measures of lipoprotein subfractions, for correlation with the HDL function measures.
In conclusion, HDL dysfunction likely manifests before the diagnosis of CVD. Thus, treatments that can attenuate or prevent HDL dysfunction are highly desirable. Although exercise represents a promising therapeutic option in combating HDL dysfunction (more so than weight loss based on our results), the jury is still out on whether exercise produces beneficial effects on clinically relevant measures of HDL functionality. We found little effect of 6 months of exercise training on cholesterol efflux capacity and HAE, with only the highest doses of exercise improving radiolabeled efflux capacity. Future studies using standardized methodologies in diverse populations are needed to determine the effects of exercise on the atheroprotective properties of HDL and the mechanisms mediating these effects.
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